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a b s t r a c t 
The effect of thermo-mechanical treatments (TMTs) on the evolution of nano-structure in an oxide dis- 
persion strengthened (ODS) ferritic/martensitic steel (Fe-9Cr-2W-0.22Ti-0.36Y 2 O 3 ) was investigated. TMTs 
involve hot extruding and subsequent forging, which are expected to be part of a future industrial-scale 
manufacturing process of the ODS steel. It was shown that the ODS steel was composed of two phases 
— a ﬁne-grained residual ferrite phase and a transformable martensite phase. The number density of 
the nano-sized particles in the residual ferrite phase was signiﬁcantly higher than that in the martensite 
phase. The TMTs did not signiﬁcantly affect the number density, but slightly affected the size distribution 
of the nano-sized particles in both ferrite phase and martensite phase. Moreover, the volume fraction of 
the residual ferrite phase decreased after TMTs. In summary, the TMT conditions could be a parameter 
which affects the nano-structure of the ODS steel. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The Japan Atomic Energy Agency (JAEA) has been develop-
ng oxide dispersion strengthened (ODS) ferritic/martensitic steels
hich show excellent high-temperature creep strength [1–3] . They
lso have excellent tolerances to high-dose radiation damage [4] by
he introduction of dense dislocation structures and stable nano-
ized particles into matrix. These properties make them attractive
s cladding tubes of fast reactors, which are used under extreme
onditions, i.e. temperatures up to 973 K and fast neutron irra-
iation. Moreover the ODS steels have been studied many years
n various countries such as Europe and USA [5–11] for struc-
ural applications of ﬁssion and fusion reactors. In JAEA, funda-
ental research on the lab-scale tube manufacturing of the ODS
erritic/martensitic steels have completed [12–14] . Instead, recent
&D on the ODS steels has shifted to future industrial-scale man-
facturing [15] . This has brought an interest in the selection and
ptimization of manufacturing conditions of large mother tubes on
n industrial scale. 
The superior creep strength in the JAEA ODS ferritic/martensitic
teels is attributed to its nano-structure: the nano-sized oxide∗ Corresponding author. Fax: + 81 29 267 7130. 
E-mail address: oka.hiroshi@jaea.go.jp (H. Oka). 
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and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.007 articles and residual α-ferrite phase [16–20] . Thus the control
f the nano-structure will be a key to optimize the manufactur-
ng process of the ODS ferritic/martensitic steels [20–22] . Here,
he residual α-ferrite phase represents a ferritic phase, which re-
ains untransformed at the austenitization temperature during
he whole manufacturing process [18–20,23–26] . Moreover, it was
hown in the previous study [18] that the residual α-ferrite is
arder phase than tempered martensite, and it acts as reinforc-
ng phase in the ODS ferritic/martensitic steels. Such microstruc-
ural features of the ODS steels are believed to evolve during ini-
ial heating process, according to past studies. Okuda et al. [27] re-
ealed that Yittrium atoms solute in the matrix as a solid so-
ution state during mechanical alloying process, and precipitate
n the form of Y-Ti complex oxide by annealing at 1273 K. Kim
t al. [28] revealed that the size of nano particles depends on an-
ealing temperature and the nano-sized particles grow with in-
reasing annealing temperature. The initial heating process in the
anufacturing process of the ODS steels is normally a consolida-
ion process of mechanically-alloyed powders. After the consoli-
ation, high-temperature mechanical workings, hereafter thermo- 
echanical treatments (TMTs), are expected to be performed. For
xample, the future industrial-scale manufacturing possibly in-
olves hot isostatic pressing (HIP) as consolidation process and
ot extruding and hot forging as TMTs. TMTs are performed af-nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Chemical composition (mass%) of the steel used in this study. 
Fe Cr W Y Ti O C Si Mn Ni N P S Ar Y 2 O 3 
a Ex. O b 
Bal. 9 .24 2 .16 0 .28 0 .22 0 .16 0 .14 0 .08 0 .07 0 .03 0 .012 < 0.005 0 .005 0 .005 0 .36 0 .08 
a Estimated from yttrium concentration with the assumption that yttrium exists as Y 2 O 3 . 
b Excess oxygen, which is deﬁned as the value obtained by subtracting oxygen concentration in Y 2 O 3 from the total oxygen concentration 
in the specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
V  
 
b  
r
3
3
 
i  
i  
s  
s  
p  
f  
t  
h  
t  
t  
a  
e  
a  
p  
H  
t  
d  
w
 
r  
o  
i  
h  
f  
s  
b  
s  
i  
h
2  
E  
r  
t  
t  
p  
1  
a  
a  
t  
t  
z  
c  
o  
t  
t  
r
 
f  ter the evolution of nano-structure, however, the possibility of ad-
ditional evolution during TMTs is unknown. The understanding of
the nano-structure evolution during TMTs will be conducive to fur-
ther R&D, in terms of the optimization of the manufacturing pro-
cess for large components of the ODS steels [29,30] . 
In this paper, the effect of TMTs on the evolution of the
nano-structure of a 9Cr-ODS ferritic/martensitic steel was in-
vestigated. Here, TMTs represent hot extruding and subsequent
hot forging performed after consolidation of the mechanically-
alloyed powders. The experimental methods used here include
scanning electron microscopy (SEM), electron backscatter diffrac-
tion (EBSD), transmission electron microscopy (TEM), electron-
probe micro analysis (EPMA), and high-temperature X-ray diffrac-
tion (HT–XRD). The combination of these method allows informa-
tion to be obtained for the material in a wide range of size-scale. 
2. Experimental 
9Cr-ODS ferritic/martensitic steel was used in this study. Pre-
alloyed powder and Y 2 O 3 powder were alloyed mechanically in an
attritor ball mill with a rotation speed of 220 rpm for 48 h under
an argon atmosphere, and then consolidated by the HIP process at
1423 K for 3 h at a pressure of 142 MPa followed by furnace cool-
ing. The HIPed billet was then induction-heated and hot-extruded
at 1423 K using 400 ton hydraulic press at an extrusion ratio of
5. The extruded bar was subject to hot-forging at 1423 K in order
to straighten and to reduce the diameter from 34 to 21 mm. The
chemical composition of the steel is presented in Table 1 . Speci-
mens were taken from the HIPed billet, extruded bar, and forged
bar, respectively. In order to distinguish the effect of heat treat-
ment from mechanical working in TMT conditions, the specimen
that experienced only heat treatment was also prepared for com-
parison. The heat treatment was carried out for the HIPed speci-
men at 1423 K for 8 h. Microscopic and macroscopic characteriza-
tions, i.e. SEM, EBSD, TEM, EPMA, and HT–XRD were performed.
SEM observations were performed using the Hitachi S-3400 N mi-
croscope equipped with EBSD. In order to investigate the distri-
bution of residual ferrite phase, tungsten (ferrite stabilizer) distri-
bution was analyzed by EPMA with the JXA-8900RL. TEM obser-
vations were carried out by using the Philips CM200 with an ac-
celerating voltage of 200 kV. The ferritic/martensitic matrix of 9Cr-
ODS has diﬃculties in imaging of nano-sized particles in TEM, due
to overlapping of the contrast derived from the dense dislocation
structures. In order to avoid contrast-overlap, the hot-extruded and
only heat-treated specimens used for TEM observation were ﬁn-
ished with furnace cooling; this gave a cooling rate that was slow
enough to obtain the transformed ferrite phase with a low dislo-
cation density. HT–XRD was performed with X’ Pert-PRO in order
to obtain the volume fraction of residual ferrite phase [21] . The X-
ray diffraction peak spectrum from the ground specimen was mea-
sured at the temperature of 1323 K in a vacuum condition, where
the phases of the 9Cr-ODS steel are residual α-ferrite phase and
γ -austenite phase. The obtained peak intensities from ferrite (110),
I α , and that from austenite (200), I γ , were used to calculate the
volume fraction of ferrite phase, V α , in the following equation, 
 
α= I 
α
2 . 82 I γ + I α . (1)Please cite this article as: H. Oka et al., Effect of thermo-mechanical t
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.007 Then, the calculated volume fraction was corrected by the cali-
ration curve, which was determined in the way described in the
ef [21] . 
. Results 
.1. Effect of TMT processing on residual α-ferrite phase 
Backscattered electron (BSE) imaging and EBSD pattern imag-
ng were performed. The BSE images and EBSD images without
mage cleaning were shown in Fig. 1 . The small grains with the
ize of around 1 μm or less and large size grains ( > 5 μm) were ob-
erved for all conditions. The former would be residual α-ferrite
hase and the latter transformed ferrite phase. Here, the trans-
ormed ferrite phase was equivalent to tempered martensite in
he normalized-and-tempered condition. For the hot-extruded and
ot-forged specimen, the shape of grains were oriented parallel
o the extrusion direction. Moreover, for the hot-forged specimen
he grains were elongated since it was forged to reduce bar di-
meter from 34 to 21 mm. The size distributions of the grains for
ach condition were also shown in Fig. 1 . For the hot-extruded
nd hot-forged specimen, the area fraction of the residual ferrite
hase (size of around 1 μm or less) was small compared to as-
IPed specimen. Here the possible reasons for the decrement of
he area fraction are grain coarsening in residual ferrite phase and
ecrease in its volume fraction. Further experimental investigation
as carried out as below. 
TEM was performed to measure the grain size of residual fer-
ite phase, as shown in Fig. 2 . The ﬁgure also shows the specimen
nly heat-treated at 1423 K for 8 h for comparison. The grain size
ncreased after hot extrusion, but it was not changed by just the
eat treatment. Then the volume fraction of residual ferrite phase
or each condition was investigated in the following way: Tung-
ten is a typical ferrite stabilizer. Tungsten has been reported to
e concentrated in the ferritic phase of ferritic-austenitic duplex
teel [31] . Thus, in a similar fashion, it is expected that tungsten
s concentrated in the residual ferrite phase at the temperature
igher than Ac 3 where both ferrite and austenite phase exist [20–
2,28,32] . By measuring the area fraction of tungsten-rich zone in
PMA concentration maps, the volume fraction of the residual fer-
ite phase was estimated, as shown in Fig. 3 . It should be noted
hat the specimens subject to EPMA were exposed to the heat
reatment at 1323 K for 1 h followed by rapid cooling (i.e. no tem-
ering), in order to retain the equilibrium tungsten distribution at
323 K. The black and white images in Fig. 3 were obtained by im-
ge analysis, where the peak count of 31 of x-ray signal was used
s threshold and the images were processed by Fourier transforma-
ion, subsequently ﬁltering and ﬁnally inverse Fourier transforma-
ion. Fig. 4 shows the obtained area fraction of the tungsten-rich
one in each specimen, indicating that the area fraction did not
hange by the simple heat treatment, but it decreased as a result
f hot extrusion and hot forging. A similar tendency was found in
he results of HT–XRD, as shown in Fig. 4 . It can be concluded that
he TMTs clearly affected the grain size and volume fraction of the
esidual ferrite phase. 
The conclusion reached here has an important meaning for the
ollowing reason. In past studies [23,32–36] , two parameters whichreatments on nano-structure of 9Cr-ODS steel, Nuclear Materials 
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Fig. 1. Backscattered electron images and corresponding EBSD images of the (a) as-HIPed, (b) hot-extruded, and (c) hot-forged specimens. Each specimen was ﬁnished with 
furnace cooling to simplify the comparison. 
500 nm
(b) Hot-extruded (c) Only heat-treated(a) As-HIPed
Fig. 2. Comparison of grain size in residual ferrite phase of (a) as-HIPed specimen, (b) hot-extruded specimen, and (c) only heat-treated specimen. 
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i  ffected the microstructural evolution of ODS ferritic/martensitic
teels were considered; one was the chemical content of alloy-
ng element such as yttrium, titanium, and excess oxygen and the
ther was the processing temperature where the mechanically-
lloyed powder was consolidated. However, the result shown here
otentially suggests that the TMT conditions could be the third
arameter which controls the microstructural evolution. Moreover,
he decrease of residual ferrite phase might be attributable to the
echanical working during TMTs since the simple heat treatment
id not signiﬁcantly affect the residual ferrite phase. Please cite this article as: H. Oka et al., Effect of thermo-mechanical t
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.007 .2. Effect of TMT processing on oxide particle distribution 
TEM micrographs of the as-HIPed specimen is shown in Fig. 5 .
t was found that the residual ferrite grains with high dislocation
ensity existed together with other residual ferrite grains (aggre-
ated), and transformed ferrite grains surrounded the residual fer-
ite aggregations. The distribution of nano-sized particles was ex-
mined for magniﬁed images, and it was revealed that the number
ensity in residual ferrite phase was signiﬁcantly higher than that
n the transformed ferrite phase. This is consistent with the resultreatments on nano-structure of 9Cr-ODS steel, Nuclear Materials 
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Fig. 3. EPMA concentration maps showing tungsten distribution and corresponding black-white maps (black: martensitic phase, white: ferrite phase) of each specimen. The 
specimens for EPMA were ﬁnished with rapid cooling. 
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Fig. 4. Area fraction (left axis) and volume fraction (right axis) of residual ferrite 
phase in each specimen derived from EPMA and HT–XRD measurement, respec- 
tively. Here, area fraction can be considered as equivalent to volume fraction. 
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Tof the past study [25] . The nano-sized particles were considered to
be Y-Ti-O precipitates, on the basis of past studies [16,23,28] . The
mean size of the nano-sized particles in the residual ferrite phase
was about 3 nm in diameter, which was smaller than that in the
transformed ferrite phase (about 5 nm). To summarize the results
obtained by TEM, the microstructure of the as-HIPed specimen is
characterized in the following three types: 
1) Residual ferrite phase — Very small grains with high disloca-
tion density, embedding densely-dispersed and ﬁne nano-sized
particles. These very small grains existed together (not isolated)
with another small grains as shown in Fig. 1. 
2) Small size grains that were believed to be residual ferrite phase
—Small grain and dense dislocation structure. Nano-sized par-
ticles might exist in this grains as well as in residual ferrite
phase, but they were not found or invisible due to the diﬃ-
culties in TEM observation. Please cite this article as: H. Oka et al., Effect of thermo-mechanical t
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.007 3) Transformed ferrite phase — Relatively large grain and low dis-
location density. Approximately 5 nm nano-sized particles were
uniformly distributed in this phase. 
Microstructural observation was carried out for the hot-
xtruded specimen as well, in order to see the effect of TMT (hot
xtrusion) on the particle distribution. Fig. 6 compares the size dis-
ribution of nano-sized particles embedded in the transformed fer-
ite phase before and after hot extrusion. After hot extrusion, the
eak in size and the order of number density were not signiﬁcantly
hanged. However, the shape of the size distribution was slightly
hanged. It was initially normal/symmetrical, but after hot extru-
ion it was slightly asymmetrical due to an increase in the fraction
f larger particles. The heat treatment also resulted in the small
hange of the size distribution but the peak in size and the order
f number density were not signiﬁcantly changed. Fig. 7 shows the
ano-particle distribution in the residual ferrite phase; it also indi-
ated very small change of the size distribution after hot extrusion.
.3. Summary of the effect of TMT processing on evolution of 
icrostructure in 9Cr-ODS steel 
From the results described above, microstructural evolution
hrough TMT processing is summarized as follows: The 9Cr-ODS
teel had a duplex structure where hard residual ferrite acting as
einforcing phase is embedded in soft tempered martensite. Note
hat the tempered martensite phase was equivalent to the trans-
ormed ferrite phase for the specimen with furnace-cooling ﬁnish.
he residual ferrite phase has smaller nano-sized particles with
igher number density than transformed ferrite phase. The num-
er densities in each phase were not signiﬁcantly affected by the
MTs or simple heat treatment. However, very small change in the
ize distribution was found. TMTs increased the grain size and de-
reased the volume fraction of the residual ferrite phase. Because
he simple heat treatment did not change the volume fraction of
he residual ferrite phase, the role of mechanical working at high
emperature in TMTs was important for the microstructural evolu-
ion. In the next step, for increasing the knowledge towards the
election of manufacturing conditions in an industrial scale, the
ffects of TMTs on the high-temperature mechanical properties of
he 9Cr-ODS steel need to be characterized, and their mechanism
hould be discussed in the light of nano-structure evolution during
MTs revealed in this study. reatments on nano-structure of 9Cr-ODS steel, Nuclear Materials 
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Fig. 5. TEM micrographs of as-HIPed specimen showing residual α-ferrite grains and surrounding transformed ferrite grains (top panel). Distributions of nano-sized particles 
embedded in transformed ferrite (bottom left) and residual ferrite (bottom right) are also shown. N represents the number of particles counted. TEM observations were 
made on several areas in TEM foil and the typical images were displayed here. 
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t  . Discussion 
The decrease of volume fraction of residual ferrite phase by
MTs is discussed below. First the formation mechanism of resid-
al ferrite phase is summarized then the inﬂuence of TMTs is dis-
ussed. 
The equilibrium phase of the specimens at 1423 K is the
ustenitic phase [18,25] . However, due to the presence of the nano-
articles, the migration of the ferritic/austenitic phase boundary is
inned and suppressed during phase transformation. If the pin-
ing force by nano-particles is F and the driving force of phase
oundary migration is G , G −F > 0 means phase transformation
rogress. For G −F < 0, however, transformation ends. It should be
oted that G involves the driving force of grain growth and the
riving force of phase transformation, in which the latter originates
rom the difference of the chemical potential between ferrite and
ustenite phases. Transformation to the austenitic phase begins
rom dissolving carbide, e.g. M 23 C 6 , in the matrix. In the begin-
ing of the phase transformation, G is large due to the relatively
arge difference of carbon contents between transformed austenite
nd surrounding ferrite matrix. As austenitic phase expands, thePlease cite this article as: H. Oka et al., Effect of thermo-mechanical t
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.007 ifference become small, resulting in the decrease of G . As G
ecomes close to F , the velocity of transformation decreases and
he microstructure settles in a metastable state. This results in the
esidue of ferrite phase, i.e. the formation of the residual ferrite
hase. 
TMTs at 1423 K led to the reduction in the volume fraction of
he residual ferrite phase. The mechanism is presumably as fol-
ows: A dense dislocation structure is introduced by TMTs, and the
ntroduced dislocations act as a diffusion path for solute atoms. As
olute atom diffusion is promoted through the dislocations at high
emperature during TMTs, the velocity of the transformation tem-
orarily increases, resulting in progression of the phase transfor-
ation. This possible mechanism is consistent with the reduction
f the residual ferrite phase. Also, it is consistent with the result
btained for the simple heat treatment in which the phase trans-
ormation did not proceed, due to the absence of introduced dislo-
ations. 
The possible reason for the coarsening of nano-sized particles
n transformed ferrite phase is that, in the beginning of the pre-
ipitation during HIPing, the nano-sized particles might precipi-
ate in the ferrite matrix with coherent relationship [37] . As phasereatments on nano-structure of 9Cr-ODS steel, Nuclear Materials 
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Fig. 6. Comparison of nano-sized particles in transformed ferrite phase of (a) as-HIPed specimen, (b) hot-extruded specimen, and (c) only heat-treated specimen. Corre- 
sponding size distributions are also shown. 
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Fig. 7. TEM micrograph of nano-sized particles in residual ferrite phase of (a) as-HIPed specimen and (b) hot-extruded specimen. Corresponding size distributions are also 
shown. The micrograph of (a) is the same as the bottom right micrograph in Fig. 5. 
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[ransformation to austenitic phase occurred, the coherent particles
ost the coherency. Such particles, incoherent to austenitic matrix,
ere possibly coarsened by Ostwald repining. On the other hand,
he particle embedded in residual ferrite phase maintained the co-
erency to the matrix because the residual ferrite phase did not
xperience phase transformation. This led the higher number den-
ity and smaller size of nano-sized particles in the residual ferrite
han in the transformed ferrite. 
. Summary 
Microstructural evolution of the 9Cr-ODS ferritic/martensitic
teel during TMTs was investigated with various analysis methods
overing a wide range of size-scale. The number density of nano-
ized particles in residual ferrite phase was signiﬁcantly higher
han that in transformed ferrite phase, and for each phase the
ano-particle densities were stable after TMTs. However, the TMTs
educed the volume fraction of residual ferrite phase, which might
esult in the reduction of the total number density of nano-sized
articles. Conventionally, the parameters that control the nano-
tructure of 9Cr-ODS steel have been thought to be chemical com-
ositions and solidiﬁcation temperature; however, it was revealed
n this study that TMT conditions could also be the parameter for
ano-structure control. In the future, it is necessary to investigate
he TMT conditions for optimization of manufacturing process with
he view towards industrial scale. 
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